Background: Mutations in the hepatitis B virus (HBV) genome may influence the activity of liver disease. The aim of this study was to identify new viral variations associated with hepatocellular carcinoma (HCC).
Introduction
Hepatitis B virus (HBV) infection is one of the most serious and prevalent global health problems. Although an effective vaccine has been used for two decades, >350 million people worldwide are chronically infected with HBV and are at increased risk for developing hepatocellular carcinoma (HCC; ref. 1) . In addition to host factors, viral factors per se could also play an important role in determining clinical outcomes (2) .
HBV is a small enveloped DNA virus of the Hepadnaviridae family. The virus has a partially double-stranded DNA genome of about 3.2 kb with four overlapping open reading frames that encode the envelope protein, X protein, DNA polymerase, and nucleocapsid. HBV replicates through RNA-intermediated reverse transcription. Because reverse transcriptase lacks proofreading activity, errors in HBV replication occur at a much higher rate than in other DNA viruses. Hence, various mutations may be observed in the HBV genome during long-term infection, and some of them could serve as viral markers for predicting the development of HBV-associated HCC. Although many studies have indicated that HBV carriers with a basal core promoter (BCP) mutation (3, 4) and a pre-S deletion (5) are at increased risk for HCC, it remains unclear whether other predictive markers might be found by comparative analysis of the complete HBV genomes at different stages of liver disease. To screen for new risk variants for HCC, we carried out a study comparing the complete sequences of HBV isolated from 20 HCC and 35 non-HCC patients in Qidong, China, an area with a high incidence of HCC. Consecutive plasma samples from four HCC patients were used to observe the evolution of mutations during the development of HCC. In addition, an independent case-control study was carried out to verify the association between the newly identified mutations in the C gene and HCC.
Materials and Methods

Patients and samples
Plasma samples were collected from the Qidong Liver Cancer Institute/Qidong Tumor Hospital between 1996 and 2006. All participants were positive for hepatitis B surface antigen (HBsAg) and HBV DNA. Patients with HCC were diagnosed on the basis of pathologic findings or an elevated serum α-fetoprotein level (≥400 ng/mL) combined with positive images on either computerized tomography or ultrasonography. Diagnosis of chronic hepatitis was based on the current Chinese diagnostic criterion for viral hepatitis (6) . Patients with hepatitis C virus coinfection or cirrhosis were excluded from the study. For full-length genome analysis, 20 HCC patients and 35 non-HCC patients (21 chronic hepatitis patients and 14 chronic HBV carriers) were recruited. For validation of mutations in the C gene, an independent set of 103 HCC patients and 103 age-and sex-matched non-HCC patients (all chronic hepatitis patients) were recruited. For the longitudinal study, serial plasma samples from four HCC patients were obtained from an ongoing prospective cohort investigation of liver disease started in 1992 (3), in which 852 HbsAg-seropositive individuals and 786 HbsAg-seronegative individuals residing in the Qidong high-risk area were recruited. The plasma samples of each individual were collected annually. For each of the four cases, at least one PCR-amplifiable DNA sample was available before the onset of HCC. Written informed consent was obtained from all patients, and the study protocol was approved by the local ethical committee at the Qidong Liver Cancer Institute/Qidong Tumor Hospital and Shanghai Cancer Institute. The study was done in accordance with the principles of the Declaration of Helsinki.
Amplification and sequencing of the complete HBV genome and the C gene HBV DNA was extracted from 100 μL of plasma using a QIAamp DNA blood mini kit (QIAGEN) according to the manufacturer's instructions or from 50 μL plasma by boiling in 5 μL DNA extraction buffer (PG Biotech Co.) for 10 min. The HBV full-length sequence was amplified by PCR using FLP1 [5′-TTTTTCACCTCTGCTAAT-CATC-3′ [nucleotides (nt) 1821-1843], forward] and FLP2 [5′-AAAAAGTTGCATGGTGCTGGTG-3′ (nts 1825-1804), reverse] as primers. The amplification was carried out in a 50 μL reaction mixture containing 5 μL 10 × buffer, 4 μL 2.5 mmol/L dNTPs, 2 μL 10 μmol/L forward and reverse primers, and 1 U LA Taq (TaKaRa Bio). PCR was done under the following conditions: 94°C for 3 minutes, followed by 94°C for 30 seconds, 58°C for 30 seconds, and 72°C for 3 minutes for 35 cycles, with a final extension at 72°C for 7 minutes. PCR products were purified (Axygen Scientific, Inc.) and cloned into the pUCm-T vector (Shanghai Shenergy Biocolor BioScience and Technology Co., Ltd.) for sequencing. Sequencing was done with the BigDye terminator cyclesequencing reaction kit and Prism 3700 DNA analyzer (Applied Biosystems) using pUCm-T vector universal primers and HBV-specific primers. The HBV C gene from nts 1901 to 2275 was amplified by seminested PCR using pre-C F1 [5′-TTCACCTCTGCCTAATCATCTC-3′ (nts 1824-1845), forward] and HBV2433R [5′-GATTGA-GATCTTCTGCGACGC-3′ (nts 2433-2413), reverse] as the first-round primers and pre-C F1 and pre-C R2 [5′-CCACACTCCAAAAGACACCAAA-3′ (nts 2275-2254), reverse] as the second-round primers. PCR was done under the conditions described above except that the elongation time was changed to 1 minute. The PCR products were gel purified and were then used as templates for automated sequencing. Sequences of the complete genome or C gene were compared using MEGA4.1 (7).
Serologic markers
HBsAg and hepatitis B e antigen were tested by commercially available assay (Kehua, Inc.).
HBV genotyping
HBV genotypes were determined by comparing the sequence of the complete genome or X gene with a set of database-derived standard sequences. Standard sequences were retrieved from GenBank/DDBJ/EMBL. A phylogenetic tree was constructed with MEGA4.1 software (7).
Statistical analysis
The Multivariate analyses with logistic regression were used to determine the independent factors that correlated with HCC. All of the tests were two-tailed, and P < 0.05 was considered statistically significant SPSS (SPSS, Inc.) version 12.0 was used for statistical analysis.
Results
Comparison of HBV mutation rates between HCC and non-HCC patients The complete sequences of HBV from 20 HCC and 35 non-HCC control patients were determined by PCR direct sequencing. There were no significant differences in age or in the distribution of HBV genotypes between HCC and non-HCC patients (43.6 ± 9.9 versus 37.2 ± 10.8, P = 0.074 for age; 2:18 versus 6:29, P = 0.696 for the genotype B to genotype C ratio). The number of substitutions per nt was calculated after comparing with each corresponding prototype sequence (GenBank Accession No. GU434374 for genotype C and GU434373 for genotype B, both from an HBV carrier in Qidong, China). The average rate of nt substitutions within the whole HBV genome was 15.0 ± 3.7 per 1,000 nts for HCC patients and 11.0 ± 4.7 per 1,000 nts for non-HCC patients (P = 0.002). Table 1 shows the nt substitution rates in various regions of HBV. The HCC group had significantly more nt substitutions in the pre-S2 (P = 0.017), X (P < 0.001), pre-C/C (P = 0.001), and P (P = 0.013) regions. The pre-S1 and S genes only showed slightly increased nt substitutions in the HCC compared with the non-HCC group (P = 0.222 and P = 0.208, respectively). Table 2 lists all the mutations within the complete genome of HBV that tended to occur more frequently in HCC patients than in non-HCC control patients. These mutations were not genotype-specific polymorphisms and could emerge in both genotype B and C viruses. A total of 12 mutations showed statistically significant differences between HCC and non-HCC groups. These included well-studied mutations (e.g., the pre-S2 start codon mutation, C1653T, A1762T/G1764A in X) and less well-defined mutations [e.g., T53C in pre-S2, T766A in S, G1613A in X, G1899A in pre-C, and C2002T, A2159G, A2189C, and G2203W (A or T) in C]. Among these 12 point mutations, four (33.3%) were located in the X gene and four (33.3%) were in the C gene. Although the S gene constitutes 21.2% of the entire HBV genome, there was only one mutation (8.3%) in the S gene that showed a significantly higher frequency in the HCC group. These data suggest that HCC-related mutations were not likely to distribute evenly throughout the HBV genome.
Identification of HCC-related mutations within the HBV genome
There were three types of deletion mutations in the HBV genome (Table 3 ). The common type was the deletion in the pre-S gene, which was detected in 5 of the 20 HCC patients and in one of the 35 non-HCC patients (25.0% versus 2.9%; P < 0.05). The C gene deletion was found in one patient in each group. In addition, one HBV isolate from a HCC patient showed a deletion spanning the X and pre-C region.
Longitudinal observation of HBV mutations during the development of HCC
We retrieved serial plasma samples from four HCC patients and determined the complete HBV DNA sequences in the samples taken before and after the diagnosis of HCC. Analysis was focused on those putative HCC-related mutations identified from the above cross-sectional study. As illustrated in Table 4 , HCC-related mutations showed a gradual accumulation during the development of HCC. It is noteworthy that, in patients 252, 371, and 416, the mutation profiles of HBV in the plasma 1 to 2 years before HCC were identical to those in the HCC stage, suggesting that most HCC-related mutations took place early on before the occurrence of HCC. Indeed, G2203W had existed in the circulating HBV at least 8 years before HCC onset in patient 416, and G1613A, the A1762T/G1764A double mutation, the pre-S deletion, and C2002T were detectable in the plasma samples 5 to 6 years before HCC in patients 99 and 252. However, T1753C in the X gene occurred relatively closer to the HCC stage. Although it was found in patients 99, 252, and 416 at the time of diagnosis of HCC, there was no such mutation found in the plasma samples taken 3, 5, or 8 years before HCC onset.
Validation of the associations between the HBV C gene mutations and HCC
To confirm the results that C2002T, A2159G, A2189C, G2003W, and the deletion in the C gene (not overlapped with the pre-C region) could indeed increase the risk for HCC, we did an independent case-control study by using plasma samples from 103 HCC patients and 103 non-HCC control patients. The age and gender of the patients were matched, and there was no difference in the genotype distribution of HBV between the groups (Table 5 ). The frequencies of mutation increased in HCC patients, from 3.9% (C2002T), 23.3% (A2159G), 22.3% (A2189C), and 1.0% (G2003W) in non-HCC patients to 9.7%, 37.9%, 48.5%, and 10.7% in HCC patients, respectively. Consistent with the observation from the full-length HBV DNA analysis, the frequencies of A2159G, 
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Cancer Epidemiology, Biomarkers & PreventionA2189C, and G2003W were significantly higher in HCC patients compared with those in non-HCC controls (P = 0.023, P < 0.001, and P = 0.003, respectively). However, the frequency of the C2002T mutation did not show a statistically significant difference between the groups (P = 0.097). Interestingly, A2159G seemed to have a correlation with A2189C. In 63 cases with the A2159G mutation, 53 (84.1%) were coupled with A2189C. Therefore, a multivariate analysis indicated that A2189C [odds ratio, 3.99; 95% confidence interval (95% CI), 1.61-9.92] and G2003W (odds ratio, 9.70; 95% CI, 1.17-80.58), but not A2159G, were independent predictive factors for HCC (Table 6 ).
Discussion
HCC is the leading cause of cancer mortality and accounts for almost one third of the malignancies in Qidong, China (8). The high incidence of HCC is the consequence of a high prevalence of HBV infection (9) and of exposure to aflatoxin B1 (10). We and others have reported that the mutations in the HBV pre-S gene and BCP region were closely associated with HCC in Qidong (3, 11, 12) . However, the mutations in other regions of HBV that may also play a role in the development of HCC have not yet been explored in Qidong. To this aim, we compared the full-length sequences of HBV isolated from 20 HCC and 35 non-HCC patients. The HCC patients had a higher frequency of nt substitutions in the HBV genome, with an average mutation rate of 15.0 ± 3.7 per 1,000 nts. The regions with significant differences in the mutation rate between HCC and non-HCC patients were, in rank order, X (P < 0.001), pre-C/C (P = 0.001), P (P = 0.013), pre-S2 (P = 0.017), S (P = 0.208), and pre-S1 (P = 0.222). Although a large number of sporadic mutations were observed in individual HCC patient, there were only a few bona fide mutations associated with HCC. These HCC-related mutations were found to be clustered rather than evenly distributed throughout the HBV genome. Although the region nts 1613 to 1764 in the X gene and nts 1899 to 2203 in the pre-C/C gene constitute only 14.2% of the HBV genome, they contained 75.0% (9 of 12) of the mutations showing a significantly higher frequency in HCC patients from the full-length HBV sequence analysis (Table 2) . Among the four HCC-related mutations in the X gene, C1653T, A1762T, and G1764A have been studied extensively (3, (12) (13) (14) (15) (16) , whereas G1613A is less well defined. G1613A was first reported by Takahashi et al., who noted that, of 40 HCC tissue samples tested, 15 contained this type of mutation (13) . Recent studies have suggested that it may be a molecular marker for HCC in genotype C-infected patients (17, 18) . In the present study, although G1613A mutation could emerge in genotypes B as well as genotype C viruses, its association with HCC was only significant in the genotype C-infected patients (50% for HCC versus 10.3% for non-HCC; P = 0.005). Because the 1613 G-to-A mutation is a synonymous mutation for the X protein, its impact on viral pathogenesis may be exerted through the overlapping negative regulatory element of HBV (nts 1613-1636; ref. 19) . Other rare documented or novel HCC-related mutations identified from this study include T53C in the pre-S2 gene, T766A in the S gene, G1899A in the pre-C gene, and C2002T, A2159G, A2189C, and G2203W in the C gene. These data provided potential targets for early diagnosis and treatment of HCC.
Comparing the complete genome sequence of HBV, we found that the pre-C/C gene was the region second to that of the X gene that exhibited the most significant difference in mutation frequency between the HCC and non-HCC groups (P = 0.001). Of the 12 HCC-related mutations within the HBV genome, four were located in the middle part of the C gene. Compared with the hot-spot mutations in the pre-S and X/BCP regions, the effect of C gene variability on HCC progression is less well delineated. Hence, we carried out a case-control study on 103 HCC patients and 103 sex-and agematched non-HCC control patients to confirm our findings from the full-length HBV DNA comparison study. To our knowledge, this is the only investigation from mainland China that has focused on the relationship between C gene mutations and HCC. Univariate analysis indicated that the A2159G (S87G), A2189C (I97L), and G2203W (synonymous) mutations were closely associated with the development of HCC. Multivariate analysis revealed that the A2189C and G2203W mutations were independent predictive factors for HCC. The core protein of HBV is the major target for the antiviral immune response (20) . It contains CTL epitopes, T-helper cell epitopes, and B-cell recognition sites (21) (22) (23) . Although a variety of mutations may emerge in C genes during the immune clearance phase, only a few mutations within or flanking the HBcAg epitopes have been reported to be of clinical relevance (24) (25) (26) . About the association of the C gene mutations and HCC, Sung et al. (25) reported that mutations at nts 1961, 1938, 2045, 2136, 2239, and 2441 were associated with decreased risk for HCC, whereas no mutation in the C gene was found to be related to an increased risk for HCC in Taiwan. Such reverse associations were not observed in the present study, probably because the samples analyzed were collected at the baseline of a prospective cohort, whereas our experiment was based on samples collected at the time of diagnosis of HCC. Alternatively, it may be due to the different genotypes or subgenotypes circulating in Taiwan and Qidong. In Taiwan, >60% of patients were infected with genotype B (27) ; however, in Qidong, as shown in Table 5 , around 85% patients were infected with genotype C. The A2159G and A2189C mutations were noted in an early study based on 15 tissue samples of HCC patients (28) . The A2159G mutant was later isolated in 33% (4 of 12) of children with HCC and in 0% (0 of 23) of non-HCC control children (24) . However, there has been a lack of large-scale confirmatory studies conducted in adult HCC patients. Because 2159 A to G and 2189 A to C are missense mutations resulting in an amino acid change of HBcAg codon 87 and 97, respectively, it is possible that the mutants could enhance hepatocarcinogenesis through the altered function of HBcAg. Because codon 87 is located within a known B-cell epitope (29) and codon 97 within a potent T-cell epitope (30) , these two mutations may change the immunodominant epitopes of HBcAg and permit HBV escape from immune clearance. G2203W is a synonymous mutation. Its biological consequence is an enigma at present. It is likely that G2203W does not enhance the virulence of the virus. It may be accompanied by other critical mutations in the HBV genome, thus being selected from viral quasispecies during the development of HCC. Nonetheless, this intergenotypic polymorphism could serve as a useful signature for HCC prediction.
Most previous studies on the relationship of HBV mutations and HCC with full-length genome analysis were conducted by using the samples taken after a diagnosis of cancer (18, 31) . Because most HBV mutations are acquired during the course of chronic infection rather than being obtained from an initial infection (12, 15) , it is important to know when or at which stage of the disease the mutations developed. This study was facilitated by the availability of prospectively collected plasma samples from Qidong. Our longitudinal observation showed that hot-spot mutations accumulated in different combinations during the development of HCC. In three patients (99, 252, and 416) who had plasma samples taken 5 to 8 years before developing HCC, the mutation numbers all increased at the stage of HCC onset. Recently, increasing evidence have shown that an HBV strain with a complex mutation pattern rather than a single mutation was associated with a higher risk for advanced liver disease. These combinations included C1653T plus A1762T/ G1764A (14) , A1762T/G1764A plus C1766T and/or T1768A (12), pre-S deletion plus A1762T/G1764A (5), and deletions in BCP plus C and/or pre-S (32). Those cross-sectional studies provided little information on the evolution of the HBV sequence during HCC development. Our longitudinal study allowed us to see that the HBV mutation profile remained consistent for at least 2 years before HCC onset, indicating that HBV mutations could be served as early markers for the detection of HCC. Our study also suggested that, during the development of HCC, HBV mutations may occur in a certain order. Consistent with the earlier observation that A1762T/ G1764A was detectable up to ≥8 before the diagnosis of HCC (3, 15), we also found that the A1762T/G1764A mutation existed in the plasma of patients 99 and 252 for 5 to 6 years before HCC. The early events may also include G2203W, G1613A, C2002T, and the pre-S deletion. However, the T1753C mutation emerged relatively late. Whereas patients 99, 252, and 416 had this mutation at the time of diagnosis of HCC, none of them had it 3 to 8 years before HCC onset. These data lead us to speculate that HCC-related mutations might have early and late types. They may play different roles at different steps of liver carcinogenesis. Many studies have been conducted about the pathologic effects of HBV mutants. The pre-S2 deletion mutants were found to induce the formation of "ground glass hepatocyte" (33, 34) . It was also found that the shortened large envelope protein accumulated in endoplasmic reticulum and initiated endoplasmic reticulum stress to induce oxidative DNA damage and genomic instability (35) . In the X/BCP region, the A1762T/G1764A/C1766T/T1768A clustering mutations could modify the biological functions of HBx by controlling cell proliferation and viability, thus enhancing the carcinogenesis potential of HBV (12) . The X/BCP mutations, as well as nt2189 mutation in the C gene, have been shown to confer significantly higher replication capacity on wild-type viruses (36) (37) (38) . It is noted that most of the findings about viral replication were based on the results from cell culture system. Whether these mutations have impacts on viral life cycle in vivo in chronic hepatitis patients is largely unknown. In this study, we have analyzed the relationship between the core mutations and the peripheral HBV DNA levels in 206 patients, but no correlation was found for any type of mutation (data not shown). Indeed, it is well established that the level of viremia declines over the course of HBV infection, especially during the period of cirrhosis and HCC. Because HBV core protein is a principle target for immune response, immune-mediated pathogenesis is likely to play a key role in the progression of liver diseases by the core mutants. It is generally thought that the core mutations were a result of selection under the pressure of immune response. Mutations in the major epitopes may allow immune escape and lead to the persistence of HBV infection. The prolonged viral persistence cause continuous hepatocyte injury and subsequent regeneration, which significantly increases the risk for HCC.
The limitation of this investigation is that we only used a case-control study to validate the associations between HBV core mutations and HCC. A prospective cohort study with a large number of HBV core mutant-infected patients and a long period of follow-up will better assess the interplay between HBV mutations and HCC. Such a longitudinal investigation is being carried out in Qidong to confirm our findings from a cross-sectional study.
Our study highlights the influence of genetic variants in the HBV C gene on the progression of HCC. The complete genome analysis of HBV provided pilot data for the identification of other novel mutations related to HCC. A combined examination of different viral mutations could predict the progression of liver disease more precisely, thus helping those who are at high risk for HCC to benefit from early diagnosis and treatment.
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